Introduction {#S1}
============

There has been intense interest in unraveling the molecular mechanisms underlying vesicle trafficking and fusion in neurons because membrane trafficking is essential to synaptic vesicle release[@R1],[@R2]. For this reason, much of the protein machinery that regulates synaptic vesicle exocytosis has been defined. For example, a class of membrane-associated proteins termed SNAREs has been shown to regulate the process of synaptic vesicle fusion with the presynaptic plasma membrane[@R3],[@R4]. SNARE proteins on synaptic vesicles, such as synaptobrevin/VAMP, bind to SNAREs present on the presynaptic target membrane, forming a complex consisting of a four-helix bundle of coiled-coils that mediates synaptic vesicle-plasma membrane fusion. The synaptic vesicle SNARE synaptobrevin/VAMP contributes one coiled-coil to this complex, while on the plasma membrane the SNARE protein syntaxin provides an additional coiled-coil, and SNAP-25 provides two. There are extensive data highlighting the importance of each of these three classes of SNAREs in synaptic vesicle exocytosis from presynaptic terminals; however, it is unclear what precise role SNARE proteins play in regulating postsynaptic trafficking of neurotransmitter receptors.

SNAP-25 expression is limited to cells of neuronal and neuroendocrine lineage. Furthermore, there are many studies showing that SNAP-25 expression is limited to presynaptic membranes[@R5]-[@R7] and functionally, SNAP-25 acts to regulate synaptic vesicle release[@R8]. Since the identification of the ubiquitously-expressed SNAP-25 homolog SNAP-23[@R9], many studies have shown that SNAP-23 regulates a wide variety of diverse membrane-membrane fusion events outside the CNS such as exocytosis from mast cells, insulin-dependent GLUT-4 release from adipocytes, and degranulation in platelets[@R10]-[@R13]. However, SNAP-23 is also expressed in brain[@R14]-[@R16] and can functionally replace SNAP-25 in exocytosis from neuroendocrine cells[@R17]. Because SNAP-25 is expressed at a high level in brain and because binding studies have shown that SNAP-25 binds other SNARE-family members more efficiently than does SNAP-23[@R13], it unclear why neurons would express both SNAP-23 and SNAP-25.

Synaptic transmission requires that secreted neurotransmitters bind to neurotransmitter receptors present on the postsynaptic membrane. Ionotropic glutamate receptors mediate most excitatory neurotransmission in the brain. NMDA receptors are a subtype of glutamate receptors that are widely distributed and play a crucial role in synaptic development, synaptic plasticity, and excitotoxicity[@R18]. Functional NMDA receptors are heteromeric combinations of the NR1 subunit with different NR2 subunits (NR2A-D)[@R19]. Although synaptic NMDA receptors are tightly anchored to the postsynaptic membrane via the postsynaptic density (PSD), they are also dynamic at the cell surface[@R20]. For example, NMDA receptors can undergo constitutive endocytosis to recycling endosomes[@R21],[@R22], vesicular exocytosis onto the plasma membrane[@R18],[@R23],[@R24], and lateral diffusion between synaptic and extrasynaptic receptor pools[@R20],[@R25]. Despite the extensive literature defining the molecular machinery regulating presynaptic neurotransmitter release, the proteins that control postsynaptic neurotransmitter receptor expression remain to be defined.

In this study, we show that while SNAP-25 is expressed exclusively in the axons of hippocampal neurons, the subcellular distribution of SNAP-23 is distinct and does not overlap with that of SNAP-25. SNAP-23 is expressed in both soma and dendrites and is highly enriched in postsynaptic spines. In addition, studies using shRNA and genetically-modified SNAP-23 heterozygous mice show that SNAP-23 regulates the surface expression and membrane recycling of NMDA receptors. Furthermore, whole-cell patch clamp recordings demonstrate that NMDA-evoked currents and NMDA EPSCs are also regulated by SNAP-23. Taken together, this study reveals a novel role for SNAP-23 in the trafficking and functional regulation of postsynaptic glutamate receptors.

Results {#S2}
=======

SNAP-23 and SNAP-25 have distinct distributions in neurons {#S3}
----------------------------------------------------------

To address the role that SNAP-23 plays in regulating protein trafficking in neurons, we first examined the distribution of SNAP-23 and SNAP-25 in hippocampal neurons in culture using SNAP-23- or SNAP-25-specific antibodies ([Fig. 1](#F1){ref-type="fig"}). After confirming the specificity of these antibodies on brain lysate or HeLa cell transfectants ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), we fixed and permeabilized cultured neurons (14--21 DIV) and double-labeled for total expression of SNAP-23 (green) and SNAP-25 (red) ([Fig. 1a--c](#F1){ref-type="fig"}). We observed a completely distinct distribution of the two proteins, with SNAP-23 being localized to the somatodendritic compartment, whereas SNAP-25 was restricted to axons. Our data are in excellent agreement with previous electron microscopy studies showing that SNAP-25 is expressed almost exclusively on axons[@R5]-[@R7]. In contrast, SNAP-23 was present along MAP2 positive dendrites, and was heavily enriched in apparent dendritic spines ([Fig. 1d](#F1){ref-type="fig"}). We observed almost no overlap in the distribution of these two related SNARE proteins.

We next analyzed the subcellular distribution of SNAP-23 and SNAP-25 using subcellular fractionation. We subjected homogenate of adult rat brain to differential centrifugation to purify distinct subcellular compartments. Both SNAP-23 and SNAP-25 were present in synaptic plasma membrane fractions ([Fig. 1e](#F1){ref-type="fig"}) consistent with synaptic expression for both proteins. However, the two proteins were differentially expressed in the synaptic vesicle-enriched LP2 fraction. As expected, SNAP-25 and VAMP-2 were both present in the synaptic vesicle-enriched fraction. In contrast, the distribution of SNAP-23 more closely resembled that of PSD-95 and the NMDA receptor subunits, NR2A and NR2B, proteins that are highly enriched at postsynaptic sites ([Fig. 1e](#F1){ref-type="fig"}).

In addition to examining the cellular distribution of SNAP-23 and SNAP-25, we also examined the developmental profile of these two proteins. SNAP-25 has been shown to be expressed at a low level from E15 and expression increases steadily through adulthood, with the most dramatic increase being observed between 3 and 8 weeks after birth[@R26]. Consistent with these reports, we found SNAP-25 expression to be low at P1 and gradually increase through P21 both in hippocampus and cortex. In contrast, SNAP-23 was expressed at similar levels at all times after birth in both hippocampus and cortex like the NMDA receptor subunits NR2B and NR1 ([Fig. 1f](#F1){ref-type="fig"}). The distinct patterns of SNAP-23 and SNAP-25 expression in the brain are consistent with different roles for these two proteins in the nervous system.

SNAP-23 is localized to postsynaptic spines in neurons {#S4}
------------------------------------------------------

We next investigated the subcellular distribution of SNAP-23 in dendrites and spines using both light microscopy and electron microscopy. We stained neurons for endogenous SNAP-23 and a variety of dendritic and postsynaptic markers. Consistent with our initial observation that SNAP-23 was expressed in punctate structures along dendrites, we found that SNAP-23 was enriched in dendritic spines as visualized by F-actin staining ([Fig. 2a](#F2){ref-type="fig"}). We also observed robust colocalization of SNAP-23 with PSD-95 ([Fig. 2b](#F2){ref-type="fig"}) and Shank ([Supplementary Fig. 2a](#SD1){ref-type="supplementary-material"}), major constituents of the PSD. We observed closely apposed (but not colocalized) staining of SNAP-23 with the presynaptic SNARE proteins VAMP-2 ([Fig. 2c](#F2){ref-type="fig"}) or synaptophysin ([Supplementary Fig. 2b](#SD1){ref-type="supplementary-material"}). We observed no colocalization of SNAP-23 with gephyrin ([Fig. 2d](#F2){ref-type="fig"}), a marker of inhibitory synapses, thus revealing a striking specificity of SNAP-23 for excitatory synapses. Furthermore, SNAP-23 was highly co-localized with NMDA receptors and AMPA receptors ([Fig. 2e](#F2){ref-type="fig"} and [Supplementary Fig. 2c](#SD1){ref-type="supplementary-material"}). The postsynaptic localization of SNAP-23 was confirmed by immunoelectron microscopy. SNAP-23 was expressed primarily at the PSD and at many synapses SNAP-23 had a perisynaptic localization ([Fig. 2f](#F2){ref-type="fig"}). Thus SNAP-23 is co-expressed with NMDA receptors at excitatory synapses, but not inhibitory synapses.

Surface NMDA receptors are reduced in SNAP-23^+/−^ mice {#S5}
-------------------------------------------------------

To analyze the functional role of postsynaptic SNAP-23 in vivo, we generated SNAP-23 deficient mice. Exon 2 of *Snap-23* was targeted for Cre-mediated excision because this is the first coding exon of the mouse *Snap-23* gene[@R27]. Embryonic stem cells harboring the targeted allele were generated by homologous recombination using the strategy outlined in [Figure 3a](#F3){ref-type="fig"} and the generation of targeted mice from germ-line chimeras was confirmed using Southern blot analysis and genomic PCR ([Fig. 3b,c](#F3){ref-type="fig"}). Mice lacking *Snap-23* exon 2 were generated by mating SNAP-23^fl/+^ mice with transgenic mice expressing Cre under the control of the ubiquitous EIIa promoter. Viable SNAP-23 null mice were never obtained from SNAP-23 heterozygous matings and timed-pregnancy studies showed that SNAP-23 null embryos die prior to E3.5 (Suh *et al*., manuscript in preparation). Nevertheless, protein expression of SNAP-23 was reduced by half in SNAP-23 heterozygous mice ([Fig. 3d](#F3){ref-type="fig"}), and we therefore utilized these mice to examine the role of SNAP-23 in regulating the expression of glutamate receptors. Total expression of NMDA and AMPA receptors from hippocampal P2 crude synaptosomes of 3-week-old mice was not significantly different between wild-type and SNAP-23 heterozygous mice ([Fig. 3e](#F3){ref-type="fig"}). To examine the surface expression of glutamate receptors, we utilized a cell surface biotinylation assay in primary neuronal cultures derived from wild-type and SNAP-23 heterozygous mice. Surface expression of NMDA receptor subunits was significantly reduced in SNAP-23 heterozygous mice, with NR2B being more affected than NR1 ([Fig. 3f,g](#F3){ref-type="fig"}). However, surface expression of the AMPA receptor subunits GluR1 and GluR2, the GABA(A) α1 receptor, or mGluR7, a presynaptic metabotropic glutamate receptor, was not significantly altered. These data demonstrate that reduced expression of endogenous SNAP-23 regulates the surface expression of NMDA receptors in neurons.

SNAP-23, not SNAP-25, regulates NMDA receptor expression {#S6}
--------------------------------------------------------

While our data show that SNAP-23 regulates NMDA receptor expression, they do not rule out the possibility that SNAP-25 also plays a similar role. To directly compare the role of SNAP-23 and SNAP-25, we generated lentivirus harboring shRNA to knock-down either endogenous SNAP-23 or endogenous SNAP-25 in neurons. Among three different targets to knock-down SNAP-23, SNAP-23 202 shRNA was the most effective ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). This target shRNA sequence was therefore used throughout this study. For SNAP-25, a previously described target shRNA sequence was utilized[@R28]. Each shRNA inhibited expression of its specific target by \>90% as determined by quantitative densitometry of SNAP-23 and SNAP-25 immunoblots. We evaluated the surface expression of NMDA and AMPA receptors and found that knock-down of endogenous SNAP-23 resulted in a significant decrease in the surface-expressed NMDA receptor subunits NR2A, NR2B, and NR1. This pronounced decrease in NMDA receptor surface expression was in contrast to the modest decrease in surface expression of the AMPA receptor subunits GluR1 and GluR2. The changes in surface expression of glutamate receptors were specific to SNAP-23, because knock-down of SNAP-25 did not have any effect on the surface expression of NMDA or AMPA receptor subunits ([Fig. 4](#F4){ref-type="fig"}). However, surface expression of mGluR7, mGluR5, or GABA(A) α1 receptors was not significantly altered ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). Furthermore, SNAP-23 knock-down did not alter the total expression of any of these receptors under our viral transduction conditions, demonstrating that the observed effects were specific for the expression of each protein at the cell surface.

SNAP-23 regulates NMDA receptor recycling in neurons {#S7}
----------------------------------------------------

The change in surface expression of NMDA receptors could be the result of either enhanced endocytosis or impaired exocytosis of these receptors. Because NR2B-containing NMDA receptors have been demonstrated to recycle robustly[@R22],[@R24],[@R29], we performed endocytosis and recycling assays of NR2B containing an extracellular GFP tag to allow labeling of surface-expressed receptors. We transduced hippocampal neurons with lentivirus containing shRNA of SNAP-23 for 5--6 days, and transfected the cells with GFP-NR2B. There was no significant change of NR2B endocytosis by SNAP-23 knock-down ([Fig. 5a,c](#F5){ref-type="fig"}). However, a recycling assay revealed that SNAP-23 knock-down inhibited the exocytosis of internalized NR2B back to the plasma membrane ([Fig. 5b,d](#F5){ref-type="fig"} and [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). These data demonstrate that the decreased expression of NMDA receptors on the surface of neurons lacking SNAP-23 is due to impaired receptor recycling and reveal that SNAP-23 expression at postsynaptic excitatory synapses regulates NMDA receptor expression.

SNAP-23 regulates NMDA-evoked currents and NMDA EPSCs {#S8}
-----------------------------------------------------

To investigate the functional effects of SNAP-23, we measured NMDA receptor-mediated currents in hippocampal CA1 pyramidal neurons following knock-down of SNAP-23. After 7--10 days of shRNA lentivirus knock-down we electrophysiologically assayed the total amount of NMDA receptors on the surface of CA1 pyramidal neurons using whole-cell voltage clamp recordings. Cells were voltage-clamped at a membrane potential of −40 mV and NMDA was bath-applied for 5 minutes, which produced a large slow inward current. In cells expressing SNAP-23 shRNA this current was significantly reduced as compared to cells expressing scrambled shRNA ([Fig. 6a](#F6){ref-type="fig"}). Furthermore, SNAP-25 shRNA had no effect on the size of the NMDA-evoked current, consistent with SNAP-23, but not SNAP-25, regulating the number of NMDA receptors on the cell surface.

To address whether SNAP-23 specifically affects the number of receptors expressed at synapses, we recorded NMDA receptor-mediated excitatory postsynaptic currents (EPSCs) at a holding potential of +40 mV. We compared the amplitude of the NMDA EPSCs between cells expressing SNAP-23 shRNA and in-slice uninfected control cells using the same stimulation position and stimulus intensity. NMDA EPSCs in SNAP-23 shRNA-expressing neurons were significantly smaller than those in the control cells ([Fig. 6b](#F6){ref-type="fig"}) demonstrating that SNAP-23 also regulates the number of the NMDA receptors at CA1 synapses.

Discussion {#S9}
==========

SNARE proteins mediate membrane-membrane fusion events between distinct intracellular organelles in all cell types[@R2]-[@R4]. Many different SNAREs have been identified, and in some cases a role for a particular SNARE in a defined membrane fusion event has been defined. For example, SNAP-25 is a neuron-specific SNARE that regulates synaptic vesicle fusion with the presynaptic plasma membrane[@R2]-[@R4],[@R6],[@R30]. Curiously, there is a ubiquitously-expressed homolog of SNAP-25, termed SNAP-23, that is present in the brain but whose neuronal role in membrane fusion events has not been elucidated. We now show that SNAP-23 and SNAP-25 have unique and non-overlapping distributions and functions in neurons. Our own immunofluorescence studies, together with previous electron microscopy studies, show that SNAP-25 is localized on the presynaptic plasma membrane as well as on synaptic vesicles recycled from this membrane[@R5]-[@R7]. In marked contrast, SNAP-23 expression is somato-dendritic. Furthermore, immunofluorescence microscopy, electron microscopy, and subcellular fractionation studies show that SNAP-23 is localized at synaptic spines, and particularly enriched at the PSD.

The exclusive localization of SNAP-23 on dendrites supports a role for SNAP-23 in postsynaptic membrane trafficking events. Whereas previous studies have shown that ablation of SNAP-25 prevents stimulus-evoked neurotransmission[@R8], our studies using knock-down of SNAP-25 expression with shRNA revealed no postsynaptic role for SNAP-25 in regulating glutamate receptors. By contrast, whole cell patch clamp recording in CA1 pyramidal neurons clearly shows that postsynaptic knock-down of SNAP-23, but not SNAP-25, reduced the size of NMDA-evoked currents, suggesting the number of NMDA receptors on the neuronal surface is regulated by SNAP-23. Furthermore, examination of NMDA EPSCs revealed that SNAP-23 regulates synaptic NMDA receptors, supporting our biochemical analyses and highlighting the physiological relevance of this work.

Our data reveal that SNAP-23 knock-down suppressed plasma membrane expression of NR2B by inhibiting the recycling of internalized receptors. This finding is consistent with previous studies showing that SNAP-23 is required for transferrin recycling in polarized epithelial cells[@R31] and suggests that SNAP-23 may be a general regulator of membrane protein recycling. Our findings that NMDA receptors do not interact directly with SNAP-23 ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}) are consistent with a more general role for SNAP-23 acting as a component of the membrane fusion machinery. Our hypothesis is that recycling endosomal compartments containing postsynaptic glutamate receptors are delivered to the plasma membrane and that membrane-bound SNARE proteins promote membrane fusion. While the precise nature of this postsynaptic plasma membrane SNARE complex remains to be determined, these data have identified SNAP-23 as a key player in this process.

SNARE-dependent exocytosis of glutamate receptors has been implicated in several studies. For example, the surface expression of AMPA receptors is regulated by the interaction of the AMPA receptor GluR2 subunit with NSF (N-ethylmaleimide-sensitive factor) and SNAPs (soluble NSF-attachment proteins), proteins that play a role in SNARE complex disassembly[@R32]-[@R35]. In addition, surface expression of NMDA receptors is increased upon activation of protein kinase C or mGluR1 and this effect is dependent on SNAP-25[@R36],[@R37]. Finally, it has been demonstrated that SNARE cleavage by exogenously added clostridial neurotoxins can affect glutamate receptor expression[@R24],[@R32],[@R36]-[@R39]. However, SNARE-dependent trafficking of postsynaptic glutamate receptors that is attributed to SNAP-25 should be carefully evaluated. First, SNAP-25 is expressed at very low levels (if at all) on postsynaptic spines[@R5]-[@R7], whereas the SNAP-25 homolog SNAP-23 is enriched at postsynaptic sites. Second, SNAP-25 has a much higher affinity than SNAP-23 for other SNAREs[@R13], and thus overexpression of wild-type (or mutant) forms of SNAP-25 will also inhibit SNAP-23-dependent SNARE interactions. Third, infusion of small SNAP-25-derived blocking peptides to inhibit the formation of SNARE complexes will also likely inhibit SNAP-23 function because these two proteins share considerable amino acid identity[@R9],[@R27]. Finally, even the use of clostridial neurotoxins to identify a role for particular SNARE proteins in neuronal function must be interpreted with caution, since these toxins generally cleave only free, and not complexed, SNAREs[@R40]. It is quite possible, therefore, that studies reporting the regulation of postsynaptic glutamate receptor expression by SNAP-25 may actually reflect effects on endogenous SNAP-23.

In conclusion, our findings reveal a distinct molecular composition of SNARE complexes at pre- and postsynaptic sites in neurons. The effects of SNAP-23 depletion on postsynaptic, but not presynaptic, glutamate receptor expression is consistent with the highly enriched localization of SNAP-23 to the PSD along dendritic spines. The reason for such a distinction between axonal and dendritic membrane fusion is fascinating and important topic for future study. Our work reveals a clear division of labor between SNAP-25 and neuronal SNAP-23 and supports a central role for SNAP-23 in postsynaptic trafficking events.

Methods {#S10}
=======

Antibodies {#S11}
----------

SNAP-23 antibody was raised in rabbits against a synthetic peptide Ac-MDDLSPEEIQLRAHQVC-amide corresponding to amino acids 1--16 of rat SNAP-23. Rabbit sera were collected and affinity-purified using the immobilized antigenic peptide (Quality Controlled Biochemicals, Hopkinton, MA). The following antibodies were purchased from commercial sources: PSD-95 6G6-1C9, GluR2 6C4 and polyclonal, GluR1 polyclonal, NR1 54.1, NR2A polyclonal, mGluR7a polyclonal (Millipore Corporation, Billerica, MA); NR1 R1JHL (Affinity BioReagents, Golden, CO); Synaptophysin SVP-38, microtubule-associated protein 2 (MAP2) HM-2, alpha-tubulin (Sigma, St. Louis, MO); pan-Shank N23B/49 (NeuroMab, Davis, CA); SNAP-25 SMI 81 (Covance, Berkeley, CA); Synaptobrevin2/VAMP-2 69.1, Gephyrin mAb7a (Synaptic Systems, Göttingen, Germany), GABA(A) α1 (Alomone Labs Ltd, Jerusalem, Israel). GFP rabbit polyclonal antibody and all secondary antibodies for immunofluorescence were obtained from Invitrogen (Carlsbad, CA).

Immunocytochemistry {#S12}
-------------------

Primary hippocampal neurons were prepared from E18 Sprague-Dawley rats (Harlan, Indianapolis, IN) and grown in serum-free Neurobasal media (Invitrogen) with glutamine and B-27 supplement. All animal procedures used in this study were conducted according to the guidelines of the National Institutes of Health Animal Care and Use Committee. After 2--3 weeks in culture, hippocampal neurons were washed and fixed with 4% paraformaldehyde/4% sucrose in PBS for 15 min. For NR1 co-staining, hippocampal neurons were fixed in cold methanol for 20 min at −20°C. Neurons were permeabilized with 0.2% Triton X-100 for 5 min and incubated with 10% normal goat serum for 1 hr. Neurons were then incubated overnight at 4 °C with primary antibodies in 3% normal goat serum (NGS) as the following dilutions: SNAP-25 (SMI 81, 1:2000), SNAP-23 (1:500), MAP2 (HM-2, 1:500), PSD-95 (6G6-1C9, 1:500), Synaptobrevin2/VAMP-2 (69.1, 1:1000), Gephyrin (mAb7a, 1:250), NR1 (54.1, 1: 500), Shank (N23B/49, 1:200), Synaptophysin (SVP-38, 1:200), GluR2 (6C4, 1: 500). The neurons were washed and incubated for 30 min with Alexa Fluor 488 and/or 568- conjugated secondary antibodies. Phalloidin-Alexa Fluor 488 (1:50; Invitrogen) was used to label filamentous actin (F-actin). The neurons were washed and mounted (ProLong Antifade Kit, Invitrogen) and imaged with a 63 × Plan-Apochromat oil immersion objective \[numerical aperture (NA)=1.4\] on a Zeiss LSM 510 confocal microscope (Carl Zeiss MicroImaging, Inc., Thornwood, NY) equipped with 488 nm argon and 543 nm helium/neon lasers. Detection filters were band-pass 505--530 nm or long pass 560 nm for green or red channel, respectively. The pinhole aperture was set at less than 0.8 mm of optical slice. Serial optical sections collected at 0.36 μm intervals were used to create maximum projection images shown.

Immunogold electron microscopy {#S13}
------------------------------

Postembedding immunogold labeling utilized established methods[@R41]-[@R44]. Briefly, rats were perfused with 4% paraformaldehyde + 0.5% glutaraldehyde, and sections were cryoprotected and frozen in a Leica EM CPC (Vienna, Austria), and embedded with Lowicryl HM-20 resin in a Leica AFS freeze-substitution instrument. Thin sections from 2 adult rats were incubated in 0.1% sodium borohydride + 50 mM glycine/Tris-buffered saline + 0.1% Triton X-100 (TBST), followed by 10% NGS in TBST, primary antibody in 1% NGS/TBST overnight, and then 10 nm immunogold labeling in 1% NGS in TBST + 0.5% polyethylene glycol (20,000 MW). Finally, sections were stained with uranyl acetate/lead citrate. Corresponding controls that lacked primary antibody showed only rare gold particles. Images were stored in their original formats and final images for figures were prepared in Adobe Photoshop: levels and brightness/contrast of images were minimally adjusted, evenly over the entire micrograph.

Subcellular fractionation {#S14}
-------------------------

Subcellular fractionation was performed from thirty-day-old (P30) Sprague-Dawley rat brain as described previously[@R45]. Whole brain was homogenized to 10% (wt/vol) in ice cold 0.32 M sucrose buffer \[0.32 M sucrose, 20 mM HEPES, pH 7.4, 5 mM EDTA, complete protease inhibitor (Roche, Indianapolis, IN)\] using 20 strokes with a glass homogenizer. The homogenate was spun at 800 × g for 10 min at 4 °C to remove the nuclear pellet (P1), and the supernatant (S1) was collected and then centrifuged at 9,200 × g for 15 min. The resulting pellet was washed once in 0.32 M sucrose buffer and recovered by spinning at 10,000 × g for 20 min (P2). The supernatant was further spun at 12,000 × g for 30 min to collect the supernatant (S2). S2 supernatant fraction was centrifuged at 165,000 × g for 2 hours at 4°C to yield the cytosolic supernatant (S3) and the microsomal pellet (P3). The P2 pellet (crude synaptosome) was resuspended in sucrose buffer and lysed by hypoosmotic shock using 9 volumes of H~2~O and 3 strokes with a glass homogenizer, and rapidly adjusted to 7.5 mM HEPES (pH 7.4) and kept on ice for 30 min. The lysate was centrifuged at 25,000 × g for 20 min at 4 °C to yield the synaptosomal membrane pellet (LP1) and the supernatant (LS1). The supernatant LS1 was further spun at 165,000 × g for 2 hours at 4 °C to yield the synaptic cytosolic supernatant (LS2) and the synaptic vesicular pellet (LP2). The LP1 pellet was resuspended and layered on a discontinuous sucrose gradient containing 1.2 M, 1 M, and 0.8 M sucrose. The gradient was centrifuged at 150,000 × g for 2 hours at 4 °C, and the cloudy band between 1.2 M and 1 M sucrose was recovered and diluted to 0.32 M sucrose buffer. The diluted suspension was centrifuged at 150,000 × g for 30 min to yield the synaptic plasma membrane fraction (SPM).

Generation of SNAP-23 knock out mice {#S15}
------------------------------------

To generate the targeting construct, a BAC clone derived from 129 mouse genomic library harboring the entire SNAP-23 gene was used[@R27]. A neomycin resistance cassette containing the PGK promoter flanked by loxP sequences was inserted into XbaI/SpeI site at the 318 bp upstream of exon 2 which is also flanked by loxP. The thymidine kinase (HSV-tk) gene was cloned into EcoRI outside of 4.9 kb long arm sequences for double selection. The vector was electroporated into embryonic stem cells and colonies were selected in the presence of G418 and ganciclovir, and analyzed for homologous recombination by Southern blotting both with outside 5′ and 3′ probes. ES clones harboring targeted alleles were injected into blastocysts of C57BL/6J strain mice to generate germ-line chimeric offspring, which were further bred to generate targeted heterozygous mice. To generate SNAP-23 deficient mice, targeted heterozygous mice were mated with EIIa-Cre transgenic mice (in which Cre recombinase is highly expressed in gonads). Genotyping to screen the deletion of exon 2 was carried out using PCR as following primers; forward primer: 5′-TGCCCATAGGTTGTCAGACT-3′, reverse primer 1 : 5′-ATGTGCTAACCATGACCTTGA-3′, reverse primer 2 : 5′-GAGAGACCTCAGATGGTGGAG-3′.

Virus preparation and infection {#S16}
-------------------------------

To specifically knock down SNAP-23 or SNAP-25 in neurons, modified FUGW lentivirus vector harboring a short shRNA hairpin sequence was utilized as previously described[@R46]. A short hairpin targeting the rat SNAP-23 sequence (GAGGCAGAGAAGACUUUAA) or rat SNAP-25 sequence (GUUGGAUGAGCAAGGCGAA)[@R28] was cloned under H1 promoter cassette of pSuper vector (OligoEngine, WA), and then H1-shRNA sequence was cloned between the HIV-flap and ubiquitin promoter of FUGW vector (kindly provided by Dr. Robert C. Malenka). EGFP is expressed under a ubiquitin promoter to monitor the virus production and infection. For the production of lentivirus, the lentiviral vector harboring shRNA sequence, the packaging vector Δ8.9, and the VSVG envelope glycoprotein vector were co-transfected into HEK-293FT cells using FUGENE6 reagent (Roche). Supernatants of culture media were collected 48--60 hours after transfection and centrifuged at 82,700 × g to concentrate the lentivirus. The pellet was resuspended in PBS, aliquoted, and frozen at −80°C. To transduce hippocampal or cortical neurons, 10--20 μl of concentrated viral supernatant was used for each 6 well dish.

Biotinylation assay of surface-expressed receptors {#S17}
--------------------------------------------------

Primary cultured neurons were biotinylated with 1 mg/ml EZ-Link Sulfo-NHS-SS-biotin as previously described[@R47]. Neurons were then harvested in hypotonic lysis buffer (10 mM HEPES-OH, pH 7.4, 10 mM KCl, 0.1 mM EDTA, EDTA-free complete protease inhibitor), sonicated briefly, and sedimented by centrifugation at 100,000 × *g* for 20 min. In [Figure 3f](#F3){ref-type="fig"}, neurons were homogenized using 20 strokes with a glass homogenizer and passed through a 23 G needle ten times. Sucrose was then added to a final concentration of 0.32 M. Nuclear pellet was removed by centrifugation at 800 × *g* for 5 min, and the supernatant was collected and centrifuged at 10,000 × *g* for 20 min to obtain crude synaptosome P2 pellet. The pellet was resuspended in lysis buffer without Triton X-100, solubilized with 1% SDS with final concentration for 10 min at 37 °C, and then 2% Triton X-100 were added to the lysate resulting in a final concentration of 0.2% SDS. After insoluble material was removed, surface-expressed receptors were isolated as previously described[@R47]. The data were quantified by measuring surface receptor to total receptor band intensity ratios using ImageJ software and normalizing to control cultures from at least three independent experiments.

Recycling assay of internalized receptors {#S18}
-----------------------------------------

A recycling assay to measure recycled NMDA receptors of internalized pools in primary hippocampal neurons was modified from a previous report[@R29]. Primary hippocampal neurons (DIV 5) were transduced with lentivirus harboring scrambled or SNAP-23 shRNA. N-terminal tagged GFP-NR2B was transfected into the infected neurons at DIV12 using Lipofectamine 2000 reagent (Invitrogen). 36--48 hours after transfection, the hippocampal neurons were incubated with rabbit anti-GFP antibody (1: 500, Invitrogen) at RT for 10 min and then incubated at 37°C for 30 min to allow internalization of receptors. Non-internalized surface bound antibody was then blocked with excess of unconjugated anti-rabbit IgG Fab at RT for 20 min. Neurons were then incubated at 37 °C for 1 hour to allow recycling back to the plasma membrane. Surface recycled receptors, and internalized receptors, were labeled as previously described[@R47]. Briefly, neurons were fixed and incubated for 30 min with Alexa 647-conjugated anti-rabbit secondary antibody to label the recycled surface population of receptors before permeabilization. After permeabilization, neurons were incubated with Alexa 568-conjugated anti-rabbit secondary antibody to label the internalized population of receptors. Individual color signals were converted as shown on images in [Figure 5](#F5){ref-type="fig"}. Control experiments confirmed that the fluorescence signal from GFP-NR2B was insignificant as compared to the EGFP fluorescence of the lentiviral vector. The amount of recycling was quantitated using MetaMorph 7.5 software (Universal Imaging Corp., Downingtown, PA). Data for internalized receptor are presented as the percentage of the internalized fraction as compared to the total (surface + internalized) fraction. Data for recycled receptor are presented as the percentage of surface (recycled) fraction as compared to the total (internalized + recycled) fraction. Statistical significance was determined using a Student\'s unpaired *t* test.

Lentiviral expression of shRNA in cultured hippocampal slices and electrophysiology {#S19}
-----------------------------------------------------------------------------------

Techniques were as described previously[@R48]. Briefly, hippocampal slices were prepared from 1 week old rats and following 1 hour of recovery, lentivirus was pressure ejected into part of the CA1 cell body region. Slices were placed in culture for 7--10 days after which time they were used for electrophysiology. Whole cell patch-clamp recordings were made from CA1 pyramidal neurons using standard techniques. Infected neurons were identified by GFP fluorescence and uninfected neurons were used as in-slice controls. The extracellular solution during recordings was as follows (mM): 125 NaCl, 3.25 KCl, 1.25 NaHPO~4~, 25 NaHCO~3~, 4 CaCl~2~, 4 MgSO~4~, 10 glucose, 0.1 picrotoxin, 0.002 2-chloroadenosine, saturated with 95% O~2~/ 5% CO~2~. The following intracellular solution was used for whole-cell recordings (mM): 135 CsMeSO~4~, 8 NaCl, 10 HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 1--5 QX-314, 0.6 Na-phosphocreatine, 0.1 spermine, pH 7.2, 285--290 mOsm. EPSCs were evoked by electrical stimulation of axons in *stratum radiatum* at a frequency of 0.2 Hz. For analysis of synaptic NMDA receptors, the NMDA component of the mixed AMPA and NMDA receptor-mediated EPSC at a holding potential of +40 mV was measured between 70 ms and 90 ms after the peak of the EPSC. Data were collected using Axopatch 200B or Multicalmp 700A amplifiers (Axon Instruments), filtered at 5 kHz and digitised at 10 kHz. EPSC amplitude, DC current, input resistance and series resistance were continuously monitored on-line. Recordings were terminated if series resistance deviated by more than 20%.
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![SNAP-25 and SNAP-23 are differentially expressed in neurons\
(**a**--**c**) Hippocampal neurons were labeled with purified rabbit SNAP-23 and mouse monoclonal SNAP-25 antibodies as indicated. Alexa 488 anti-rabbit secondary antibody was used to visualize endogenous SNAP-23 (**a**) and Alexa 568 anti-mouse secondary antibody for SNAP-25 (**b**). Merged images are shown (**c**). Images were collected with a confocal immunofluorescence microscope with 60 × objective and maximal projections are shown as described in the Methods. The lower panels show higher magnification images of the individual processes boxed in the upper panel images. Scale bar, 20 μm. (**d**) Hippocampal neurons were labeled with SNAP-23 and mouse MAP2 antibodies. Alexa 488 secondary antibody was used to visualize SNAP-23 and Alexa 568 secondary antibody for MAP2. Scale bar, 20 μm. (**e**) Subcellular fractionation reveals that the distribution of SNAP-23 differs from that of SNAP-25. Twenty micrograms of protein from each subcellular fraction were loaded and immunoblotted as indicated. P2, crude synaptosomal fraction; S3, cytosolic fraction; P3, microsomal membrane fraction; LS1, synaptic vesicle and cytosolic supernatant fraction; LP1, synaptosomal membrane fraction; LS2, synaptosomal-cytosolic fraction; LP2, crude synaptic vesicle-enriched fraction; SPM, synaptic plasma membrane. (**f**) Developmental expression of SNAP-23 in brain. Crude synaptosomes (P2 fraction) from mouse hippocampus or cortex were solubilized and subjected to immunoblottings with the indicated antibodies.](nihms-167056-f0001){#F1}

![Endogenous SNAP-23 is enriched at excitatory synapses on dendritic spines\
(**a**) Hippocampal neurons were stained with purified rabbit anti-SNAP-23 and anti-rabbit Alexa 568 secondary antibody, followed by a 5 min incubation with Phalloidin-Alexa 488 to visualize F-actin. Scale bar, 20 μm. (**b**--**e**) Hippocampal neurons were labeled with rabbit SNAP-23 antibody and mouse monoclonal PSD-95, Synaptobrevin/VAMP-2, Gephyrin, or NR1 antibodies as indicated. Alexa 488 anti-rabbit secondary antibody was used to visualize endogenous SNAP-23 and Alexa 568 anti-mouse secondary antibody for PSD-95 (**b**), Synaptobrevin/VAMP-2 (**c**), Gephyrin (**d**), and NR1 (**e**). Panels show higher-magnification images of the individual processes boxed in the larger images on the left. Scale bars, 20 μm. (**f**) Immunogold electron microscopy labeling of endogenous SNAP-23. Gold particles (arrowheads) label endogenous SNAP-23 in postsynaptic spines in the CA1 stratum radiatum. p, presynaptic terminal; asterisk, PSD. Scale bars, 100 nm.](nihms-167056-f0002){#F2}

![NMDA receptor surface expression is reduced in SNAP-23 heterozygous mice\
(**a**) Targeting strategy to remove *Snap-23* exon 2 (E2) containing the initiator ATG. The structures of the wild-type *Snap-23* gene and the targeting construct are shown. Exons E1 to E5 are represented as black boxes. Using a genomic clone harboring the *Snap-23* gene, a targeting vector containing the neomycin resistance gene flanked by loxP sites and the TK gene was generated. Following homologous recombination in ES cells, targeted heterozygous mice containing targeted allele were obtained. Mice harboring the *Snap-23* E2-deleted allele were generated by breeding with EIIa-Cre transgenic mice. (**b**) Southern blot analysis of genomic DNA isolated from tails of *Snap-23* E2-targeted mice. EcoRI-digested genomic DNA was hybridized with the 5′ probe. (**c**) Genomic PCR to detect the targeted and wild-type alleles from tail DNA of E2-targeted mice. (**d**) Expression of SNAP-23 was analyzed by immunoblotting whole brain lysates of SNAP-23 heterozygous (Het) mice and wild-type (WT) littermates. (**e**) Expression of glutamate receptors in the P2 crude synaptosome fraction from hippocampus of SNAP-23 Het and WT littermates. (**f**) Surface expression of glutamate receptors was analyzed using a surface biotinylation assay in primary cortical neurons from SNAP-23 Het and WT littermates. Surface receptors were isolated by precipitation using Streptavidin-agarose beads and immunoblotted with the indicated antibodies. (**g**) Quantitation of the immunoblots was performed by measuring the band intensity of the biotinylated fraction compared with the intensity of total input using ImageJ software. Graphs represent means ± s.e.m. \*p\<0.01 (n = 3--5) (p=0.0077 for NR2A, 0.0097 for NR2B, 0.0095 for NR1, 0.4130 for GluR1, 0.7772 for GluR2, 0.1706 for GABA(A) α1, and 0.4740 for mGluR7).](nihms-167056-f0003){#F3}

![SNAP-23, but not SNAP-25, regulates surface expression of NMDA receptors\
(**a**) Primary hippocampal neurons (DIV 5--7) were transduced with scrambled, SNAP-23, or SNAP-25 shRNA lentivirus for 7 days. Surface expression of glutamate receptors was evaluated using a surface biotinylation assay. (**b**) Quantitation of the immunoblots was performed by measuring the band intensity of the biotinylated fraction compared with the band intensity of total input using ImageJ software. Graphs represent means ± s.e.m. \*\*p\<0.01, \*p\<0.05 (n = 5) \[p=0.0004 (NR2A), 0.0078 (NR2B), 0.0004 (NR1), 0.0103 (GluR1), 0.0176 (GluR2) for SNAP-23 shRNA; p=0.4526 (NR2A), 0.4727 (NR2B), 0.9965 (NR1), 0.7723 (GluR1), 0.9977 (GluR2) for SNAP-25 shRNA compared with scrambled shRNA\].](nihms-167056-f0004){#F4}

![SNAP-23 regulates the recycling of the NMDA receptor subunit NR2B\
Internalization (**a**) and recycling (**b**) of NR2B-containing NMDA receptors. Scrambled or SNAP-23 shRNA lentivirus-transduced primary hippocampal neurons were transfected with GFP-NR2B at DIV12. Surface, internalized, and recycled receptor populations were labeled as described in the Methods. The lower panels show higher magnification images of the individual processes boxed in the upper panel images. Scale bars, 20 μm. (**c**) Internalized receptors (panel a) are presented as the percentage of internalized compared to total (surface + internalized) fraction. Graphs represent means ± s.e.m. p\>0.05 (n \> 45 neurons from 3 independent experiments) (p= 0.5709). (**d**) Recycled receptors (panel b) are presented as the percentage of recycled receptor compared to total (internalized + recycled) fraction. Graphs represent means ± s.e.m. \*\*p\<0.01 (n \> 60 neurons from 4 independent experiments) (p=0.009).](nihms-167056-f0005){#F5}

![Knock-down of SNAP-23 causes a reduction in NMDA-evoked currents and NMDA EPSCs in CA1 pyramidal neurons\
(**a**) Mean amplitude of direct current recorded from voltage-clamped CA1 pyramidal neurons in cultured hippocampal slices at a holding potential of −40 mV in response to a 5 min bath application of NMDA (50 μM; indicated by black bar) for cells expressing SNAP-23 shRNA, SNAP-25 shRNA or scrambled shRNA (n = 8 for all). Peak inward current in SNAP-23 shRNA cells is significantly reduced compared to scrambled shRNA (p\<0.05). (**b**) Mean amplitude of NMDA EPSCs evoked in CA1 pyramidal neurons expressing SNAP-23 shRNA and from in-slice uninfected control neurons at a holding potential of +40 mV using the same stimulus position and intensity (n = 6, \*p\<0.05). Inset top: example traces.](nihms-167056-f0006){#F6}
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